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ABSTRACT

COMPACT TRENCH-BASED SILICON-ON-INSULATOR
RIB WAVEGUIDE 90◦ AND 105◦
BEND AND SPLITTER

Jiguo Song
Department of Electrical and Computer Engineering
Master of Science

This thesis presents a theoretical and numerical investigation of silicon-oninsulator trench based passive optical components, bend and splitter, respectively.
Compact 90◦ and 105◦ bend and splitter are designed with high index-contrast rib
waveguide at λ = 1.55µm and serve as building blocks of splitting network in microcantilever biosensing application.
The main characteristic of trench based bend and splitter structures is their
miniature size and their low radiation loss due to the strong light confinement in high
index-contrast systems. Thus large scale, high density optical integrated splitting
network becomes possible with the associated advantages of compactness.
With FDTD simulation, we show that single-mode trench based bends and
splitters exhibit around 16µm × 16µm overall size with low loss for different bending
angle. Total efficiency is about 92.9%(90◦ bend), 89.3%(105◦ bend), 92%(90◦ splitter)
and 84%(90◦ splitter) respectively.
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Chapter 1
Introduction
Many research works have shown that there is a strong trend in making smaller
photonic devices to improve device performance, cost and consequently ultra-compact
integrated optical system which can be used in optical sensing and communication
field widely. Planar lightwave circuits (PLCs) are very useful devices for realizing
such large capacity and high-speed photonic network. Especially, if considering the
fact that Silicon on Insulator (SOI) technology offers a number of advantages including compatibility with CMOS processing infrastructure, fine-feature resolution, high
index contrast (SOI material has a great index contrast (∆n = 2) which is the highest
available one for common waveguide platforms) performing small waveguides with
tight bend radii and the fact that optical waveguide formed from silicon-on-insulator
(SOI) materials has loss lower than 1dB/cm in the wavelength 1.3 to 1.55µm [1] [2] [3],
silica-based PLCs have been studied a lot as passive integrated optical components
because of stability, low cost and low-loss coupling to the single mode fiber. So it is
really desirable to use silica-based PLCs with the ease of device fabrication using well
developed silicon microelectronic processing for optical sensing applications.
However, there is a major drawback of silica-based PLC technology about the
relatively large component size, in which the minimum waveguide bending radius acts
as the critical factor. This is an even more serious problem with low refractive index
contrast silica waveguide circuits that require a larger bend radius, usually ranging
from millimeters to one centimeter. So it is necessary to design and miniaturize optical
devices in order to realize low cost silica-based waveguide devices and high density
integrated devices. Coupling loss is a another major concern when try to shrink
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large-sized waveguide circuits to a smaller size since high refractive index contrast
waveguide circuits have large coupling losses with single mode fiber.
1.1

Research Focus
Our group has been doing research on micro-cantilever based biosensor which

mixes MEMS and silica-based integrated optics [4]. One design consideration in the
biosensing system is how to distribute a single light source (λ = 1550nm) effectively
from single mode fiber into waveguide array. Conventionally a splitter network consisting of S-bend and Y-branch splitter is used in such a situation but it is not the
One solution is trench based SOI bend/splitter that changes the direction of
light propagation and divides an incident beam into two beams. By cascading SOI
bends and splitters it is possible to form a splitter network that drives light into multiple waveguides separately. Considering the size and efficiency of trench based bend
and splitter, especially when an ultra compact and efficient splitter network is desired, our group came up with a scheme in which trenches are filled with different low
refractive index materials so that it is possible to design a SOI bend/splitter to form
a high refractive index contrast region and shrink bending radius while maintaining
low coupling losses. Consequently the splitter network size will be compact.
1.2

Thesis Overview
This thesis will concentrate on design and optimization for trench based SOI

bend and splitter with 90 degree and 105 degree. Such bend and splitter are the
basic elements in cascaded splitter network which is used in micro-cantilever biosensor application. By using Effective Index method, Finite Difference Time Domain
(FDTD) method, commercial software FIMMWAVE and Angular Spectrum Analysis, numerical simulation shows the optimized trenched bend/splitter efficiency as the
function of trench width for different filling materials. Primary goal of bend design is
to obtain a trench based SOI bend with very high efficiency and compact size. And
the most important goal of splitter design is to seek a 50/50 SOI splitter with a high
total efficiency. Further consideration is also given to the position of trench and the
2

intersection angle between the waveguide and filled trench. Finally SOI trench based
bend/splitter will be compared to conventional Y-branch splitter in geometry size
and efficiency.

3

4

Chapter 2
Background
2.1

SOI Rib Waveguide Specification
In a typical high index contrast SOI rib waveguide with width and height

approaching 1µm, the refractive index difference ∆N can easily be larger than 10−3
which will give a better confinement in waveguide. Also SOI rib waveguide is a
perfectly suitable choice for our micro-cantilever biosensor application because it is
relatively easier and feasible to have a rib waveguide integrated on SOI wafer-based
cantilever. The rib waveguide used in micro-cantilever biosensor system has the cross
section defined in the Fig. 2.1(a).

(a)

(b)

Figure 2.1: Basic structure of a SOI single mode rib waveguide (a) Rib waveguide
cross section (b) Fundamental TE mode of single mode SOI rib waveguide
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As shown, our SOI rib waveguide has a silicon layer thickness of 0.75µm, etch
depth of 0.1µm, and rib width of 1.6µm. FIMMWAVE (Photon Design) has verified
that it supports only fundamental TE polarization (electric field in the plane as shown
in Fig. 2.1(b)) mode at a wavelength of 1.55µm. Therefore, bend/splitter designs are
performed only for TE polarization.
At wavelength of 1.55µm silicon and silicon dioxide in a SOI rib waveguide have
refractive index 3.477 and 1.444, respectively. For the upper clad, it can be either air
(n = 1.0) or SU8 (n = 1.57) depending on whether SU8 is used in the trenches or not.
It will be shown later that SU8 can enhance the trench-based bend/splitter efficiency
a little and also protect the trench from contamination. Although FIMMWAVE can
calculate the mode profile for some complicated waveguide cross section (like Fig. 2.1),
it is still useful to use Effective Index Method (EIM) to analyze and predict some
behavior of a waveguide with complex cross section that has no analytical solution.
2.1.1

Effective Index Method
The effective index method (EIM) is an analytical method [5] applicable to

complicated waveguide such as rib waveguide and it is based on the scalar wave
approximation and the field is expressed as
Φ (x, y, z) = φ (x, y) exp (−jβz) ,

(2.1)

where β is the propagation constant of the guided mode. To analyze out SOI rib
waveguide with EIM, first, 3D optical waveguide is divided into regions based on
structural differences as shown in Fig. 2.2(a),. Each region is then considered a twodimensional (2D), planar waveguide as shown in Figure 2.2(b). The effective index
nef f in each region can be easily obtained by solving the transcendental equation for
the 2D slab waveguide uniform in the x direction. Then, with the effective indices
in the whole regions, the original structure in Figure 2.2(a) is modeled as a 2D
slab waveguide as shown in Figure 2.2(c). Finally, the propagation constant β is
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calculated from the transcendental equation for the 2D waveguide uniform in the y
direction.

(a)

(b)

(c)

Figure 2.2: EIM analysis for Rib waveguide (a) 3D rib waveguide (b) 2D uniform
slab waveguide in x direction (c) 2D uniform slab waveguide in y direction

A general MATLAB program in Appendix A has been written to perform EIM
calculation.
Although this method is in principle scalar, it enables us to take the polarization effect into account. In the TE-like modes, noting that the main fields are Ex
and Hy, first, the effective index nef f is calculated for the TE polarization and then,
the propagation constant Beta is calculated for the TM polarization.
7

In spite of that EIM is an approximation which gives some errors for SOI
rib waveguide calculation, it is still an excellent tool to do qualitative analysis and
provide effective index for 2D FDTD simulation.
2.2
2.2.1

S-Bend and Trench Based Bend
Conventional S-bend
There is a very common requirement in optical guided wave system to be able

to route the propagation light round a bend so that offset transitions can be provided
at the input and output of devices. Conventional S-bend is one typical bend device
that is widely used in such a situation that connections between different devices on
an integrated optic chip need to be established or waveguides want to be separated
at the edge of a chip for ease of coupling to fibers.
There are basically two kinds of S-bend waveguides [6]. First kind is a S-bend
waveguide with a fixed radius of Curvature R. Second kind S-bend waveguide is
defined by the functional shape of y = az + bsin(cz) in which radius of curvature
varies continuously. Here only S-bend with fixed radius is considered which is shown
in Fig. 2.3

Figure 2.3: S-bent Waveguide Without Offset
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In the above figure, Sb is the separation distance between input and output
waveguides which decides the overall size of a conventional S-bend.
Bend loss is a fundamental performance property of dielectric waveguide circuits. Radiative loss at bends decreases with bend radius [7] [8] and with high index
contrast. High index contrast seems the natural choice to achieve dense integration of
optical components, although fabricated high index contrast waveguides suffer high
propagation loss, caused by sidewall roughness of the waveguide [9] [10] and poor
coupling between the fiber and the waveguide due to mode shape mismatch and
alignment sensitivity. It was reported that propagation loss is proportional to the
third power of the sidewall roughness [9] [10].
Recently the use of medium index contrast waveguides has been proposed
where the index difference ranges from 0.05-0.3 to avoid the problems of high index
contrast [11]. But the bend radius is still a problem for dense integration.
Any curvature of a waveguide will result in a loss additional to the normal
propagation loss no matter which type S-bend is used. This is because when light
travels in bending waveguide, light can not negotiate the curved waveguide and is
radiated into cladding when bend is steep. For rib waveguides, the refractive index
difference in the horizontal plane is relatively small (∆ = 0.8% in our case, by using
EIM), and thus the radius of curvature for a conventional waveguide bend is large.
Although it is possible to obtain a S-bend with low bend loss by increasing the
refractive index difference delta of the waveguide in horizontal plane and so the optical
field will be confined more tightly inside the core, the typical radius of curvature of
SOI rib waveguide based S-bend is still large. For example, the rib waveguide used
in our application, when core index is around 3.4 (Si) at λ = 1.55µm and ∆ = 0.8%,
the conventional bending radius requires 5mm to 1.5mm for 0.01dB to 1dB radiation
loss in theory [12].
2.2.2

Trench Based Bend
S-bend’s relatively large bending radius will limit the device packing density

considerably. Because of this limit the conventional S-bend is not so attractive in our
9

group’s micro-cantilever biosensor application that has high demand for maximizing
the level of integration of PLCs on a single SOI chip.
A better alternative solution is trench based bend that the waveguide has
a trench interface with certain intersection angle to the waveguide in the path of
propagating light [13] [14]. When light travels in an input waveguide and sees this
interface, light is reflected by total internal reflection (TIR) into an output waveguide.
Basic geometry of such trench based bend is shown in Fig. 2.4 where the waveguide
is SOI rib waveguide defined in Fig. 2.1(a).

L

θ
Trench

W

Reflect
io

n Outp

ut

D

Trench Based Bend
Input

Figure 2.4: Trench Based Bend General Geometry

Angle θ is defined as the angle between input and output waveguides. D is
the distance from the interface of bend to the intersection of two waveguides which
is determined by Goos-Hanchen effect. L and W are length and width of trench
respectively. They are chosen to be relatively big enough to allow light to be reflected
by TIR as mush as possible.
A very compact SOI rib waveguide trench based bend can be achieved with
high efficiency by using inductively coupled plasma reactive ion etching (ICP RIE) to
achieve an anisotropic trench etch with vertical sidewalls and by using electron beam
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lithography (EBL) to accurately position the trench interface relative to the input
and output waveguides.
The position of trench can be adjusted based on Goos-Hanchen shift to improve
efficiency. Also different materials (like SU8) can be filled into trench to enhance the
efficiency and protect the TIR interface from the contaminants.
2.3
2.3.1

Y-branch Splitter and Trench Based Splitter
Conventional Y-branch Splitter
Y-branches are widely used in integrated optic circuits to split guided lights [15] [16].

A conventional 3dB Y-branch splitter is shown in Fig. 2.5

Figure 2.5: Conventional Single Mode Y-branch

The light traveling down the output waveguide is split into two waves that
travel in the arms of the Y-branch. The overall size of Y-branch splitter is decided
by the separation distance between two output waveguides, even for SOI waveguide
based Y-branch splitter. For example, a Y-branch with a 2◦ angle between the output
waveguides requires a length of 1.1mm to achieve a 40µm waveguide separation [17].
Of importance in Y-branch is the power loss since at the junction there is
a discontinuity. In order to achieve a highly compact optical integrate circuit it is
necessary to shrink the splitter size as small as possible while keep a reasonable high
total efficiency. Since insertion power loss of Y-branch is related to the branch angle
and the curvature of the arm waveguide as they separate from the output waveguide,
wider branch angle will introduce the excessive losses although it can reduce the size
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of Y-branch. This is not suitable for our micro-cantilever biosensor application since
SOI waveguide Y-branch splitter requires significantly more area than SOI trench
based splitters, therefore limits decreasing device size.
2.3.2

Trench Based Splitter
Rib waveguide trench based splitter is a good solution which can bring the

size of splitter down tremendously. Calculations in [18] [19] [20]show that further
size reduction of rib waveguide based splitters can be realized with the use of narrow
trenches and frustrated total internal reflection (FTIR).
Basic structure of a trenched splitter is defined in Fig. 2.6.

Transmission Output
W

θ
L

D

Reflection
Output

Trench Based Splitter
Input

Figure 2.6: Trench Based Splitter General Geometry

Angle θ is defined as the angle between two output waveguides. D is the
distance from the interface of trench to the intersection of two waveguides. This is
related to Goos-Hanchen shift. L and W are length and width of trench respectively.
W needs be chosen deliberately to allow partial light can be reflected and
partial light can transmit trough the trench by frustrated totally internal reflection
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(FTIR). A proper selecting of W and D can result a 3dB splitter while the total
efficiency (sum of transmission and reflection guided power) is still high. Different
materials can be filled into the trench of splitters for the same purpose as trench
based bends.
Fabrication process is similar to trenched bend but the principle of light splitting is frustrated totally internal reflection (FTIR). When light travels down along
the waveguide and come to a narrow trench within certain angle in the path of propagation, light will be partially reflected by trench interface into the output waveguide
and be partially crossing through the trench into another output waveguide.
For different filled materials trench (air, SU8 filled etc.),light is incident at
some angle greater than the critical angle for TIR. However when the evanescent field
exponentially decays into the trench and trench is so narrow that it can compare to
the decay length, this decaying field is non-zero at the back interface of the trench,
some of the light propagates into the transmission output waveguide while the rest is
reflected into the reflection output waveguide.
For an efficient crossing over, the splitting ratio can be controlled by the trench
width,W , for a given refractive index of the trench filled material. An appropriate
narrow trench is required for a 3dB splitter for certain material filled into the trench.
However, because of limit our fabrication facility that it becomes very difficult
to make a narrower trench less than 80nm wide, the angle between the two outputs
needs to be adjusted so that the trench can be wider enough for fabrication consideration and still providing a 3dB splitting. This has been demonstrated by both
numerical analysis and experiments.
2.4
2.4.1

Analysis Method and Environment Introduction
Finite Difference Time Domain Method
Finite-difference time-domain (FDTD) method was developed by Yee to di-

rectly solve time-dependent Maxwell equations by a proper discretization of both
time and space domains. It is widely used as a propagation solution technique in
integrated optics, especially in photonic crystal device simulations.
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As FDTD is an explicit scheme, the time step in the calculation is defined
by the spatial discretization width. It was originally proposed for electromagnetic
waves with long wavelengths, such as microwaves, because the spatial discretization
it requires is small (1/10 to 1/20 of the wavelength). Thus, the time step in the
optical waveguide analysis is extremely short when wavelengths are of micrometer
order. Maxwell’s equations in a homogeneous and non-dispersive medium are given
in time domain as
∂B
,
∂t

(2.2)

∂D
+ J,
∂t

(2.3)

∇×E =−

∇×H =−

where E is the electric field, H is the magnetic field, D is the electric flux density and
B is magnetic flux density. These equations are discretized with central difference in
time and space as
1−
E =
1+
n

σ∆t
2²
σ∆t
2²

1

E n−1 +

1
∆t/²
∇ × H n− 2 ,
σ∆t
1 + 2²

1

H n+ 2 = H n− 2 −

∆t
× E n.
µ

(2.4)

(2.5)

The grid is staggered in time and space that is called Yee mesh with spatial
mesh sizes ∆x, ∆y and ∆z in x,y and z directions respectively. Each component of
the electromagnetic fields of every mesh is calculated at every short time interval ∆t.
The time step size is restricted by

∆t ≤

1
cmax

·

1
1
1
2 +
2 +
(∆x)
(∆y)
(∆z)2

¸− 12

,

(2.6)

where cmax is the maximum light speed in the structure considered. And the flow
chart of FDTD analysis is shown in Fig. 2.7
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Set initial values for
all E and H components
t=t+∆t
t=0
Configuration of the medium

Incident wave

Calculation of electric field E n <-- E n-1 , H n-1/2

Absorbing Boundary Condition
t=t+∆t
Calculation of magnetic fields H n+1/2 <-- H n-1/2 , E n

t>Tmax

No

Yes
Output

Figure 2.7: Flow Chart of FDTD Analysis

Refractive index of material, waveguide structure and source wave (monochromatic plane wave or the calculated mode from FIMMWAVE) can be initialized in the
input file in certain format. The space resolution and time steps are also defined in
the input file. There are two example input files for 90◦ trench based splitter, one
for 3D FDTD simulation and another one for 2D FDTD simulation respectively, in
Appendix C and Appendix B.
With a given excitation at the input in monochromatic continuous wave (cw)
form, the excited field may be propagated and finally reaches computational win-
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dow edges. To suppress spurious reflections from the computational window edges,
Berenger’s PML condition is used in FDTD simulation for SOI bend/splitter since it
is superior in the reflection suppression.
The errors of FDTD depend on the mesh sizes. Generally speaking, the FDTD
requires less than λ/10 spatial mesh size with λ being the shortest wavelength in the
analysis domain. When the structure includes tilted or curved surfaces, a finer mesh is
required because of staircase approximations in FDTD. In our 3D FDTD simulation
for 90◦ and 105◦ bend/splitter, a 10nm × 10nm × 10nm cubic mesh size is applied in
order to get an accurate result and reduce the side effect of staircase approximations
in tilted structure. It will require much more memory and cpu load for smaller mesh
size, especially for 3D FDTD simulation. Fortunately we have Marylou4.
Marylou4 is one of supercomputers in BYU. It has 1260 Dual Core Intel
EM64T processors 2.6 G Hz (2520 cores) distributed on 618 compute nodes. There
are totally 5,040 GB memory (8 GB/node) and 15 TB Disk. Operating system is Red
Hat Enterprise Linux v4.3. This environment makes the heavy load computation task
feasible and more efficient
Both 2D and 3D parallel version FDTD code have been assembled, configured
and with MPICH on Marylou4. Photonics devices can be modeled very efficiently on
parallel nodes with parallel FDTD program.
2.4.2

Angular Spectrum Analysis
The angular spectrum representation is a mathematical technique to describe

optical fields in homogeneous media. Optical fields are described as a superposition of
plane waves and evanescent waves which are physically intuitive solutions of Maxwell’s
equations. It is found to be a very powerful method for the description of light
propagation. Furthermore, in the paraxial limit, the angular spectrum representation
becomes identical with the framework of Fourier optics which extends its importance
even further.
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General representation of angular spectrum is given by Equations (2.7)
ZZ

∞

E (x, y, z) =

b x , ky ; 0)ei[kx x+ky y±kz z] dkx dky .
E(k

(2.7)

−∞

From the angular spectrum representation we understand the series expansion of an
arbitrary field in terms of plane (and evanescent) waves with variable amplitudes and
propagation directions. For the case of a purely dielectric medium with no losses
in the index if refractive n is a real and positive quantity. The wavenumber kx is
then either real or imaginary and turns the factor exp(±ikz z) into an oscillatory or
exponentially decaying function. For a certain (kx , ky ) pair we then find two different
characteristic solutions
ekx x+ky y e±i|kz |z ,

kx2 + ky2 ≤ k 2 ,

Evanescent waves: ekx x+ky y e−|kz ||z| ,

kx2 + ky2 > k 2 .

Plane waves:

It can be seen that angular spectrum is actually a superposition of plane
waves and evanescent waves. By using it we can estimate the efficiency intuitively for
different filled trench at different angle.
During FDTD initialization, a localized field distribution is generated from
FIMMWAVE as the source wave of a rib waveguide 2.1(a) in the plane z = 0. The
angular spectrum representation as Eq. 2.7 tells how this field propagates and how it
is mapped onto other planes z = z0 .
Since the straight rib waveguide causes a very low loss before the light reaches
the trench interface (z = z0 ), we can approximately treat this straight waveguide to
be infinite long so that the fields closer to the trench interface can be analyzed as
far-field propagation.
It is interesting to find the field in the asymptotic far-zone, i.e. a point r=r∞
at infinite distance from the r=0 plane. In our case this is the field close to trench
interface. The dimensionless unit vector s in the direction of r∞ is given by
s = (sx , sy , sz ) =
17

³x y z ´
, ,
,
r r r

(2.8)

1

where r = (x2 + y 2 + z 2 ) 2 is the distance of r∞ from the origin.
For far-field, r → ∞. So Eq. 2.7 becomes
ZZ
E∞ (sx , sy , sz ) = limkr→∞

k

(kx2 +ky2 )≤k2

b x , ky ; 0)eikr[ kkx sx + ky sy ± kkz sz ] dkx dky . (2.9)
E(k

Because of their exponential decay, evanescent waves Eq.2.4.2 do not contribute to
the fields at infinity. Therefor their contribution is rejected and the integration range
¢
¡
reduces to kx2 + ky2 ≤ k 2 . The asymptotic behavior of the double integral as kr → ∞
can be evaluated by the method of stationary phase.
Finally the angular spectrum of far-field is expressed as
b x , ks y; 0)
E∞ (sx , sy , sz ) = −2πiksz E(ks

eikr
.
r

(2.10)

This equation tells us that the far-fields are entirely defined by the Fourier spectrum
b x , ky ; 0) in the object plane if we replace kx → ksx and ky → ksy
of the fields E(k
which means that

µ
s = (sx , sy , sz ) =

kx ky kz
, ,
k k k

¶
.

(2.11)

So only one plane wave with the wavevector k = (kx , ky , kz ) of the angular spectrum
at z = 0 contributes to the far-field at a point located in the direction of the unit
vector s. The effect of all other plane waves is cancelled by destructive interference.
Now we can treat the field close to the trench interface as a collection of rays
with each ray being characterized by a particular plane wave of the original angular
spectrum representation.
For example, one schematic diagram of a trench based bend/splitter can be
plotted with incident rays as Fig. 2.8. where α is the angle between input waveguide
and output waveguide.
Different material can be filled into that trench so that the air/SU8/Index
Fluid filled trench will have different critical angle. By applying angular spectrum
analysis (Fourier transform from space to k-space first, then mapping each wavevector
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Figure 2.8: Angled Trench Geometry for Angular Spectrum Analysis

into an incident angle), the totally internal reflected power of trench with different
angle α has been shown in Fig. 2.9.
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Figure 2.9: Angular Spectrum Analysis for Different Splitter Bend Angle α

In Fig.2.9, core material is Si, n = 3.447@λ = 1.55µm.
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SU8 backfilled trench is calculated as an example to show the power that
is reflected by TIR for different angled trench. The Fig. 2.10 describes the power
reflected by TIR as the function of incident angle β which is corresponding to kspace.

Figure 2.10: Reflected Power by TIR of a SU8 Backfilled Trench With Different
Angles

It can be seen that SU8 90◦ bend will have about 94.8% power reflected by
TIR and SU8 105◦ bend will have about 84.9% power reflected by TIR. Although
these numbers are just estimated numbers from far-field approximation and there is
only in-plane structure analyzed, they still give us some reference value so that we can
partly predict the behavior of different angled trenchs before we can get into FDTD
numerical modeling, for example, we can known that the trench with bigger α will
result more loss from this angular spectrum analysis.
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Chapter 3
Trench-based SOI Bend
In this chapter, a 90◦ and a 105◦ SOI trench based bend will be designed
by using 2D and 3D FDTD numerical method. The structures of bend are defined.
The size and position of the trench with different filled materials are analyzed. The
corresponding size and efficiency of bends are given to show the advantages of trench
based SOI bends.
3.1

Goos-Hanchen Shift
When a beam of light hits an interface between different dielectrics with indices

of refraction n1 > n2 under an angle θi > θc = arcsin nn12 , geometrical optics predicts
total reflection of the incoming beam.

Figure 3.1: Goos-Hanchen Shift Geometry
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However, the incoming light will penetrate into the second medium and travels
for some distance D parallel to the interface before being scattered back into the first
medium.
This amazing shift of the reflected beam is shown in Fig.3.1 and has been
conjectured by Newton [21] and measured for the first time by Goos and Hanchen [22].
So it is called Goos-Hanchen shift D which is expected to be a delicate function of
air gap, of polarization, of angle of incidence, and probably of beam width.
Commonly it can be derived from
D=

∂ϕ
,
∂kk

(3.1)

where kk = k0 nsinθ is describing the propagation parallel to the interface and ϕ is
the phase shift of the beam [23].
The effect may be explained by considering the incident beam as a collection of
plane waves (angular spectrum), each with a slightly different transverse wave vector.
After total internal reflection, each plane wave undergoes a slightly different phase
change so that the sum of all the reflected plane waves, which forms the real reflection
beam, results in a lateral shift D of the intensity peak.
Source wave in our application is fundamental TE mode based on rib waveguide structure defined in Fig. 2.1(a) and calculated by FIMMWAVE first. The calculated mode then is used as the input light source to be launched in FDTD simulation
region. This source wave contains a continuous and smooth spectrum of plane waves,
and therefore the shift should vary smoothly across the critical angle. It is hard to
get the exact analytical Goos-Hanchen shift expression for such a mode profile. But
it is possible to use some approximation to estimate Goos-Hanchen shift effect to our
trench based bend/splitter design.
In Artmann’s paper [24], the equation for a lateral displacement of amount D
is given explicitly by Eq. 3.2
D=

2m × cos2 θc × sin θ
¢¤ ,
¡
¢1/2 £
¡ 2
cos2 θ + m2 sin2 θ − sin2 θc
k sin θ − sin2 θc
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(3.2)

where θc is the critical angle, θ is the incident angle , k = n 2π
and m = 1 for TE
λ
mode.
Although this lateral displacement D is an approximation when θ is not near
the θc which ignores the plane waves whose incident angles are close to critical angle,
it can still be used to analyze Goos-Hanchen shift for different angled bends with
different filling materials. The result is shown in Fig. 3.2
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Figure 3.2: Goos-Hanchen Shift as the Function of Incident Angle for Different Filling
Materials

Here n = 1 for air filled trench,n = 1.57 for SU8 filled trench, n = 1.73 for
index matching fluid filled trench respectively. Two straight lines indicate the incident
angle of waveguide axis of two different angled bends (90◦ and 105◦ ). It can be seen
that trench based bend with filling material of lower refractive index requires smaller
Goos-Hanchen shift. For the same filling material, larger angled bend produces a
bigger Goos-Hanchen shift. And the magnitude of Goos-Hanchen shift of trench
based bend is between 100nm to 200nm for most incident plane waves that have an
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incident angle bigger than θc . Notice that when θ is approaching θc , Eq. 3.2 is not
valid any more. So above analysis just roughly predicts Goos-Hanchen shift effect in
trench based 90◦ and 105◦ bends.
3.2
3.2.1

90◦ SOI Bend Design
2D FDTD Analysis
Two dimensional finite difference time domain (FDTD) method with Berenger

perfectly matched layer (PML) boundary conditions [25] can be used to numerically
analyze the efficiency of a 3D SOI rib waveguide trenched bend which is approximated
to be a 2D structure by using effective index method (EIM). 2D FDTD requires much
less computation resource than 3D FDTD so it can easily and quickly give the result
although it uses effective index method to approximate three dimensional waveguide
with complicated structure that has no analytical expression or explicit solution. As
long as the structure of the waveguide is slowly varying in the x-direction, EIM is
effective. Especially when the modal confinement increases and the mode is further
from the cut-off condition, the calculation error will gradually reduce to negligibly
small level.
By applying EIM to SOI rib waveguide (Fig. 2.1(a)) which is the basic element
waveguide structure for bend and splitter, results are obtained and shown in Table. 3.1

Table 3.1: Effective Index Calculation Results @λ = 1.55µm

Material

Refractive Index

core nef f

clad nef f

nef f

β

Air

1

3.37

3.34

3.3582

13.613

SU8

1.57

3.371

3.343

3.3597

13.619

All above results are calculated with Matlab program and have been verified
by FIMMWAVE mode solver by comparing the effective index nef f .
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Several different trench based bends in Fig. 3.3 are modeled with 2D FDTD
program based on above table data. Main difference among them is the corner position
and the corner shape. Rib waveguides in Fig. 2.1(a) are used as the element structures
which only support fundamental TE mode @λ = 1.55µm.

(a)

(b)

(c)

Figure 3.3: SOI rib waveguide bend geometries: (a) Right angle bend (b) Right angle
bend with an additional core at the inner side of bend corner (c) Right angle bend with
an additional core at the outer side of bend corner.

D in Fig. 3.3(a) is defined as the distance from the intersection of the center
lines of the input and output waveguides to the interface between air/SU8-filled trench
and SOI rib waveguide region. Air and SU8 are used as the upper clad and filled
material in each case. The trench position is fixed to be D = −70nm for all cases to
account for the Goos-Hanchen shift.
The perfect mirror model has been used to estimate the 3D performance of
each bend geometry even out-of-plane loss at the interface of a bend corner are not
accounted for in 2D FDTD simulation. Perfect mirror model already shows good
agreement with the 3D FDTD method [26]. It provides a simple way to calculate 3D
structure performance without the computational burden of doing actual 3D FDTD
calculations.
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By using perfect mirror model and 2D FDTD method, a trench based bend
efficiency, η defined as Equations (3.3)
η2D = ΓF F × ηM OI ,

(3.3)

where ηM OI is the bend efficiency calculated by 2D FDTD with a mode overlap
integral (MOI) method (i.e., the ratio of the power in the guided mode in the output
waveguide to the power in the incident guided mode). MOI integral equation [26]
is defined in Eq.

3.4 and ΓF F given by Eq.

3.5 is the filling factor calculated as

the ratio of the optical power confined in the silicon layer to the optical power of the
fundamental mode.

ηM OI

¯RR ³
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¯
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~
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¯¯
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Eq × Hq + Eq × Hq d~s¯
¯

ΓF F

RR
P (s)ds
= R∞
.
P (s)ds

(3.4)

(3.5)

The filling factor is calculated with commercial software FIMMWAVE and
used in efficiency calculation in 2D FDTD simulation and the efficiency for different
structures are shown in Table. 3.2

Table 3.2: Simulated Bend Efficiency of three different structures

η2D

ΓF F

η

Case1 with air

0.988

0.986 0.974

Case1 with SU8

0.995

0.985 0.980

Case2 with air

0.987

0.986 0.973

Case2 with SU8

0.995

0.985 0.980

Case3 with air

0.993

0.986 0.979

Case3 with SU8

0.995

0.985 0.980

26

The bend efficiencies are very close for all 6 cases. FIMMWAVE has given
nearly identical filling factors ΓF F because Si refractive index is so much higher than
either air or SU8, air or SU8 refractive indices do not make big index difference in
plane. Also the results show that the details of the waveguide corner structure make
very little difference for different filled materials, although the SU8 filling case is
slightly better than air. The main purpose of the filled SU8 is to protect the trench
interface from contaminants so to reduce the loss.

(a)

(b)

Figure 3.4: 90◦ SOI bend with SU8 filled trench (a) Time averaged magnitude square
magnetic field calculated by 2D FDTD (b) Bend efficiency as the function of 0 D0
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By comparing three different trench based structures, right angle bend is easier
one to fabricate. So in our group research, only right angle trench based bend is
considered.
Field calculation by 2D FDTD is shown in Fig. 3.4(a) which is time averaged
magnitude squared magnetic field for right angle bend filled with SU8 at a wavelength
of 1.55µm. The bend efficiency as a function of D is shown in Fig. 3.4(b). The
maximum bend efficiency 98% is obtained at D = −70nm because of the GoosHanchen shift.
Fig. 3.4(b) shows both the best SU8 interface position to achieve the maximum
bend efficiency and the tolerance with respect to interface position. If the interface is
misplaced more than ±0.25µm from the ideal position, the bend efficiency decreases
to below 90%. The positioning is therefore very important to achieve high efficiency
bends for SOI rib waveguides.
3.2.2

3D FDTD Analysis
When 2D FDTD is applied, EIM is used to convert a 3D rib waveguide struc-

ture into a 2D slab waveguide. Any effect out of that plane is not calculated which
results extra loss. 3D FDTD method makes it possible to model the rib waveguide
in all dimensions. When it comes to 3D modeling, more accurate result (less bending
efficiency) should be expected because divergence effect is taken into account.
When the light travel down the waveguide and come to the trench with certain
angle, if it sees the complete trench interface in three dimensions and TIR happens,
some components of waves in k-space will be reflected and diverge into out-of-plane to
be unconfined waves. This will result in a much worse mode distortion when light is
bending and trying to reconstruct a guided mode into output waveguide. So there will
be more loss due to this divergence effect and a lower bending efficiency is expected
in 3D FDTD simulation. A 90◦ SOI trenched bend with gradually mode changing
from input to output is shown in Fig. 3.5.
All calculation is done with 3D FDTD simulation.
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Figure 3.5: Changing Mode Profile in 90◦ SOI Trench-based Bend

The maximum bending efficiency can reach 89.3% with Goos-Hanchen shift
D = −60nm. During the calculation, it is found that where the light is bent, around
99% power can be preserved. But the mode is really distorted so only 88% is obtained
by MOI integral calculation which is much lower compared to 2D simulation (99.5%
MOI in 2D simulation). This is what we have expected from 3D FDTD simulation
with divergence effect considered.
A similar equation is used to calculate the 3D right angle SOI bend.
η3D = ΓF F × ηM OI ,

(3.6)

where ηM OI is defined in the same way as Eq. 3.4 and ΓF F is computed as the ratio
of total power between the input waveguide and output waveguide.
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Efficiency η3D is calculated for each step and from Fig. 3.5 it can be seen
that an η = 99.11% single mode starts getting destrcucted while it is approaching the
trench interface at the corner. It will try to recombine the mode after leaving from the
trench. Finally the η gets back up to 89.3% at the end of output waveguide. So this
trench based SOI rib waveguide bend does the job to bend the light 90◦ successfully.
Note that the overall size of this bend is only 16µm × 16µm which is quite smaller
compared to a conventional 90◦ S-bend.
Above 90◦ SOI SU8 backfilled trench bend has been fabricated and measured
with an efficiency of 92.9% for TE polarization at λ = 1.55µm [27]. The experimental
result meets simulation result very well.
The typical S-bend has a bending efficiency 93.284% with a overall size 2.8mm×
4mm which is shown in Fig. 2.3

Figure 3.6: A Conventional S-bend

It is obvious that the trench based SOI bend has a much smaller overall size
for only about 4% lower in efficiency which makes trench based bend perfect for a
highly dense PLCs.
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3.3
3.3.1

105◦ SOI Bend Design
3D FDTD Analysis
Only 3D FDTD simulation is done for 105◦ degree SOI bends in order to get

a more accurate result. Basic structure is shown in Fig. 3.7. 105◦ degree bend has

Figure 3.7: 105◦ Degree SOI Bend Geometry

almost same structure as 90◦ degree SOI bend except that the bend angle between
input and output is 105◦ which will result in more loss. This is because that the
incident angle will get smaller when the trench rotates clockwise to certain angle.
From angular spectrum Fig. 2.8, we can see that the spectrum of 105◦ degree
SOI bends move toward left so less power can be reflected by TIR which means there
will be more loss in a 105◦ degree SOI bend than 90◦ degree SOI bend.
So why do we pay for this extra loss by using a 105◦ degree SOI bend? It
is because that the fabrication facility limits the trench width for a SOI trenched
splitter (it is very hard to fabricate a 80nm and below trench stably and repeatedly).
However, A bigger angle will result in a wider trench for a 3dB trenched splitter which
makes fabrication more feasible and stable. So as a consequence of seeking for a 105◦
degree SOI splitter with a wider trench, especially in splitter network, a 105◦ degree
SOI bend is necessary and required to be designed with 105◦ degree SOI splitter in
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layout. In a word, this is what we pay for using 105◦ degree SOI splitter with a wider
trench in splitter network.
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Figure 3.8: Time Averaged Magnitude Squared Magnetic Field of a 105◦ SU8 Filled
Trench Bend by 3D FDTD

Figure 3.9: Total Efficiency as the Function of Goos-Hanchen Shift for a 105◦ SOI
Trench-based Bend
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Fig. 3.8 show the time averaged magnitude squared magnetic field for a 105◦
SOI bend. There is much more interference pattern existing in output waveguide
than 2D FDTD simulation result.
Fig. 3.9 show the total efficiency as the function of D for a 105◦ SOI bend.
It can be seen that the bending efficiency is about 81.7% with Goos-Hanchen
shift D = −140nm. Compared to 90◦ SOI trench-based bend (89.2% with D =
−70nm) the bending efficiency of a 105◦ degree SOI bend is much lower and GoosHanchen shift is bigger. These have been predicted by angular spectrum analysis in
Fig. 2.9 and Goos-Hanchen shift analysis in the first section.
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Chapter 4
Trench-based SOI Splitter
4.1

A Closer View of Narrow Trench
If we observe the narrow trench of a trench based splitter closely enough, it is

reasonable to analyze the trench approximately as two parallel planes of which a first
plane interface will be used to create an evanescent wave by TIR. A second parallel
plane interface is then advanced toward the first interface until the gap d is within
the range of the typical decay length of the evanescent wave. The evanescent wave
then interacts with the second interface and can be partly converted into propagating
radiation. This situation is analogous to quantum mechanical tunneling through a
potential barrier. Considered that our rib waveguide can only support fundamental
TE mode, The geometry of splitter trench is sketched in Fig. 4.1. where medium 1
and medium are silicon(n1 = n3 = 3.447), medium 2 could be air/SU8 (n2 = 1/1.57)
at λ = 1.55µm.
The fields can be expressed in terms of partial fields that are restricted to
a single medium. Usually the partial fields in media 1 and 2 can be written as a
superposition of incident and reflected waves, whereas for medium 3 there is only a
transmitted wave. The propagation character of these waves, i.e. whether they are
evanescent or propagating in either of the three media, can be determined from the
magnitude of the longitudinal wavenumber in each medium in analogy to Eq. 4.1.
The longitudinal wavenumber in medium j is
q

q
kjz =

kj2 − kk2 = kj

1 − (k1 /kj )2 sin2 θ1 ,

where kj = nj k0 = nj (ω/c).
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j ∈ {1, 2, 3} ,

(4.1)

Figure 4.1: A Closer View of Narrow Trench in TE Mode

Let’s analyze the SU8 filled trench case in which n1 = n3 = 3.447, n2 = 1.57),
which includes the system sketched in Fig. 4.1. This leads to three situations for the
angle of incidence in which the transmitted intensity as a function of the gap width
d shows different behavior:
1. For θ1 < arcsin (n2 /n1 ) or kk < n2 k0 , meaning that θ1 < arcsin (1.57/3.447) =
27◦ , the field is entirely described by propagating plane waves. The intensity
transmitted to a detector far away from the second interface (far-field) will not
vary substantially with gapwidth, but will only show rather weak interference
undulations.
2. For arcsin (n2 /n1 ) < θ1 < arcsin (n3 /n1 ) = 90◦ or n2 k0 < kk , meaning that
27◦ < θ1 < 90◦ the partial field in medium 2 is evanescent, but in medium (3)
it is propagating. This can be predicted by Eq. 4.1. At the second interface
evanescent waves are converted into propagating waves. The intensity transmitted to a remote detector will decrease strongly with increasing gapwidth.
This situation is referred to as frustrated total internal reflection (FTIR).
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3. For θ1 > 90◦ the waves in layer (2) and in layer (3) are evanescent and no
intensity will be transmitted to a remote detector in medium (3).
For 90◦ splitter,θ1 = 45◦ and so case 2 is realized(FTIR), the transmitted intensity I(d) will reflect the steep distance dependence of the evanescent wave(s) in
medium (2). However, as shown in Fig 4.2 [28], I(d) deviates from a purely exponential behavior because the field in medium 2 is a superposition of two evanescent
waves of the form
c1 e−γz + c2 e+γz .

(4.2)

The second term is from the reflection of the primary evanescent wave (first
term) at the second interface and its magnitude (c2 ) depends on the material properties. When the medium 3 is nothing, only primary evanescent wave is left and it is
a purely exponential decaying curve.

Figure 4.2: Transmission of the Trench as the Function of the Gap d Between Two
Interfaces

Material constant n1 = n3 = 3.447, n2 = 1.57) gives critical angle θc of 27◦ . For
incident angle θ1 between (a) 0◦ and 27◦ shows interference-like behavior (θ1 = 0◦ ), for
incident angle θ1 between (b)27◦ and 90◦ the transmission (monotonically) decreases
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with increasing gap width. (c) Intensity of the evanescent wave in the absence of the
third medium.
Notice that Fig 4.2(b) predicts the behavior of transmission of SOI trench
based splitter. Similar transmission curves have been found in both 90◦ and 105◦
splitters as shown in Fig. 4.8 and Fig. 4.13 respectively.
4.2
4.2.1

90◦ SOI Splitter Design
2D FDTD Analysis
From FIMMWAVE we have already known that the SOI rib waveguide sup-

ports only the fundamental TE polarization mode (electric field in the plane), no
matter which material is filled into trench (air (n = 1.0), SU8 (n = 1.57), or index
matching fluid (n = 1.733). Note that the in-plane core/clad refractive index contrast
is quite small in each case (i.e., the effective index under the rib waveguide compared
to the effective index in the slab waveguide). For example, with SU-8 overclad it is
0.84%, which translates into a 1.3 mm bend radius for a 90◦ bend with 98% optical
efficiency.
Similar to 2D FDTD simulation for SOI trenched bend, Berenger perfectly
matched layer (PML) boundary conditions is used to numerically calculate the efficiency of a 3D SOI rib waveguide trenched splitter with using effective index method
(EIM). So it has become from a 3D problem to a 2D modeling which will give a good
approximation to 3D modeling as long as the mode is not close to cut off condition.
Basic structure of 90◦ SU8 filled trench splitter is shown in Fig. 4.3 The corresponding time averaged magnitude squared magnetic field is shown in Fig. 4.4.
In order to get a 3dB splitter with high total efficiency, the trench width and
position need to be manipulated. Trench width w will affect the splitting ratio and
the position D will affect the total efficiency (transmission mode power plus reflection
mode power divided by input total mode power).
Fig. 4.5 shows the efficiency, including reflection, transmission and total efficiency, as the function of trench width. It can be seen that a 50/50 90◦ SU8 filled
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Figure 4.3: 90◦ SU8 Filled Trench Splitter

Figure 4.4: Time Averaged Magnitude Squared Magnetic Field of a 90◦ SU8 Filled
Trench Splitter by 2D FDTD

trench splitter is achieved when trench width is around 80nm. 2D FDTD simulation
gives a very high total efficiency which is not the real case since divergence effect in
out-of-plane is not considered.
Goos-Hanchen shift D is not very influential to the total efficiency in this 2D
FDTD modeling.
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Figure 4.5: MOI as the Function of Trench Width for SU8 Backfilled 90◦ Splitter

Need to mention that the equation used to calculate splitter efficiency is
Eqn. 3.3 which is same one for bend. It just needs calculation twice for two output waveguides respectively. In this 90◦ SU8 filled trench splitter calculation, filling
factor ΓF F = 0.98408 given by FIMMWAVE.
4.2.2

3D FDTD Analysis
Similar to bend 3D FDTD simulation, a same 3D FDTD method [26] with

Berenger perfectly matched layer (PML) boundary conditions is applied to evaluate splitter design and performance for the three different trench filled materials as
mention in previous section. The trench width and total efficiency for a splitting
ratio of 50/50 for each material is listed in Table. 4.1 for D = 0 which means that
Goos-Hanchen shift is not considered in this simulation.

Table 4.1: Simulated Splitter Efficiency of Three Different Materials

Material
Air
SU8
Index Matching Fluid

Refractive Index
1
1.57
1.733
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Trench width
22nm
65nm
86nm

Reflection
47%
46%
45%

Transmission Total
47%
94%
46%
92%
45%
90%

For a higher refractive index material, the trench width will be larger. In this
case Index Fluid filled trench produces a largest trench for 50/50 splitting.
The reason that there is no Goos-Hanchen shift compensation for this comparison is because there is little dependence of the total splitter efficiency on D. This
is illustrated in Fig. 4.6 where the difference in splitter efficiency between D = 0nm
and D = −76nm (at which the peak efficiency occurs) is less than 0.3%.

Figure 4.6: Total Efficiency as the Function of Goos-Hanchen Shift for a 90◦ SU8
Backfilled Trench Bend by 3D FDTD

Figure 4.7: Time Averaged Magnitude Squared Magnetic Field of a 90◦ SU8 Filled
Trench Splitter by 3D FDTD
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Fig. 4.7 shows the magnitude-squared time-averaged magnetic field in a plane
0.325µm above the SiO2 layer for a splitter filled with index fluid and at a wavelength
of 1550 nm (W=86 nm, D=0 nm).
The splitting ratio and total efficiency as a function of trench width for the
three different materials backfilled case is shown with experiments measured data in
Fig. 4.8.

Figure 4.8: Simulation and Experiments Result of 90◦ SU8 Backfilled Splitter

As expected, the transmission decreases and the reflection increases as the
trench width increases which is explained in Fig 4.2(b). A 90◦ SU8 backfilled splitter
with 50/50 splitting ratio has been fabricated and measured with efficiency of 72.4%
in [29].
Notice also that the total efficiency decreases with increasing trench width.
This is most likely due to out-of-plane divergence of the unconfined wave in the
trench as the same reason we explained before for bend.
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4.3
4.3.1

105◦ SOI Splitter Design
2D FDTD Analysis
By using 2D FDTD method, the efficiency as the function of trench width

of several different SU8 backfilled trench splitters with different angles are shown
in Fig. 4.9 It can be seen that bigger angle needs wider trench for 50/50 splitting.

Figure 4.9: Efficiency as the Function of Trench Width for Different Angled Splitter
by 2D FDTD

However, the bigger angle also gives less total efficiency. So there is a balance to
choose the splitter angle carefully.
105◦ splitter looks reasonable because its trench width is around 135nm which
means easier fabrication and the total efficiency is 95% which is high. Although there
is some loss caused by out-of-plane divergence effect is not accounted for in 2D FDTD
modeling, it is quite reasonable to choose 105◦ SOI splitter for splitter network.
Fig. 4.10 shows the time averaged magnitude squared magnetic field of a 105◦
SU8 backfilled splitter.
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Figure 4.10: Time Averaged Magnitude Squared Magnetic Field of a 105◦ SU8 Filled
Trench Splitter by 2D FDTD

4.3.2

3D FDTD Analysis
Fig. 4.11 shows the geometry of a 105◦ trench based splitter.

Figure 4.11: Basic Structure for a 105◦ SOI Splitter
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The bend angle, α2 , is defined as the angle between the transmission output
direction and the reflection output direction. D is defined in the same way as before
that D is the distance from the intersection of the waveguide center lines to the first
interface of the trench. It is due to Goos-Hanchen shift.
The trench based splitter with SU8 filled need a trench width of 67nm to
achieve a 50/50 splitting ratio, which is too small to reliably fabricate since the
trench etch depth must be 750nm. To realize a 50/50 trench based splitter with SU8
as the trench fill material, the bend angle of splitter can be adjusted to 105◦ so that
a 50/50 splitting ratio can be achieved with a wider trench.
As discussed before trench base splitter operates based on frustrated total
internal reflection (FTIR) in which the trench width is narrow enough that part of
the optical field is transmitted through the trench while the rest undergoes total
internal reflection.
For a given incidence angle, the ratio between the reflected and transmitted
power is a function of trench width. Alternatively, for a given trench width, the
splitting ratio can be altered by changing the incidence angle (i.e., splitter bend
angle).
3D FDTD method with Berenger PML boundary conditions is used to explore
the relationship between trench width and splitter angle to achieve 50/50 splitting
for the case of SU8 trench fill, which is also the overclad material of the SOI rib
waveguide (to protect from contaminations mainly). The refractive indices used for
numerical simulation are 3.447 for silicon, 1.444 for SiO2, and 1.570 for SU8 at a
wavelength of 1550nm. Light source is a monochromatic and continuous wave which
is launched into a homogenous media.
A plot of the time-averaged magnitude-squared magnetic field is shown at a
plane 0.325µm above the SiO2 underclad (nearly in the middle of the rib waveguide)
in Fig. 4.12
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Figure 4.12: Time Averaged Magnitude Squared Magnetic Field of a 105◦ SU8 Filled
Trench Splitter by 3D FDTD

The splitting efficiency as the function of trench width is shown in Fig. 4.13

Figure 4.13: 105◦ SOI Splitter Efficiency as the Function of Trenchwidth
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Note that the total efficiency (sum of transmitted and reflected mode power
divided by incident mode power)is about 84% when 50/50 splitting ratio is achieved.
Also when the splitter bend angle increases the required trench width also increases,
but the total optical efficiency is reduced. Based on fabrication considerations, we
choose a splitter bend angle of 105◦ such that the desired trench width is 116nm while
the total optical efficiency is 84% (reflection 42% plus transmission 42%).

Figure 4.14: Total Efficiency as the Function of Goos-Hanchen Shift for a 105◦ SU8
Backfilled Trench Bend by 3D FDTD

To account for the Goos-Hanchen shift, D is chosen to be −97nm. Efficiency
as the function of D is shown in Fig. 4.14. It can be seen that Goos-Hanchen shift
has some effect to total efficiency but not huge. The total efficiency is changing
from 84.15% to 84.6% for 150nm shift of trench toward right while keeping a 50/50
splitting. We just pick up some number between 0nm and −150nm.
Notice that when D is minus, it means the trench moves towards inner coner
of bend/splitter.
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Chapter 5
Trench Based Splitter Network and Conventional Y-branch
Splitter Network Comparison
As shown in Fig. 2.5, a single mode conventional Y-branch splitter can divide
the input equally between two output single mode waveguide arms. And Y-branch
splitters can be cascaded together in binary tree structures which allows a single
input to be split into 2N outputs, all carrying equal power, using N levels of two-way
splitting [15] [16]. Y-branch splitter trees are often used as input devices for parallel
arrays of other components. Disadvantage of Y-branch splitter network has relatively
large size which is not desired in highly integrated optical circuits or PLCs. Anyway
it is still interesting to compare two different 1 × 32 splitter network in overall size
and efficiency.
5.1

1×32 Y-Branch Splitter Network
As mentioned, there will be 5 levels needed to make a 25 = 32 splitter tree. A

conventional SOI rib waveguide based Y-branch splitter network is shown in Fig. 5.1.
Upper figure in Fig. 5.1is the geometry of 1 × 32 Y-branch splitter network
(not in scale). Lower figure in Fig. 5.1 gives the efficiency in one branch out of 32
branches.
It can be seen that in order to get a 50/50 splitting ratio the length of this
whole splitter tree is about 5.714mm long and 1.55mm wide which is decided by
the separation distance between two adjacent output waveguide (50µm in this case).
The minimum radius curvature is 570µm. Although this 1 × 32 Y-branch splitter
network can be optimized further either by increasing the index difference in plane
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or by setting an offset to compensate the radiation loss, its overall size is still not
acceptable in our application where an ultra compact PLC is needed.

Figure 5.1: 1 × 32 Y-branch Network
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5.2

1×32 Trench-based 105◦ Splitter Network
A 1 × 32 trench based splitter network made by Yusheng Qian from our group

is shown in scale with a conventional 1 × 32 Y-branch splitter network together in
Fig. 5.2

Figure 5.2: 1 × 32 Y-branch Network With Trench-based Splitter Network

Upper figure is a 1 × 32 trench-based 105◦ splitter network. Its overall size
is only 700µm × 1600µm for an output waveguide spacing of 50µm. Compared to
the lower figure which is a conventional 1 × 32 Y-branch network with overall size
5.714mm × 1.55mm, the trench-based 105◦ splitter network is much more attractive
and perfect to fit into our application in which ultra compact optical components are
required.
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The time averaged magnetic field of single trench based bend/splitter in such
a splitter network is shown as

(a)

(b)

Figure 5.3: Magnitude of Time Averaged Magnetic Field for 105◦ Trench Based (a)
Bend (a) Splitter

Above trench based bend has an optical efficiency of 82% and splitter has
the similar total efficiency of 84%, then the total efficiency of a 1 × 32 trench based
splitting network will have 20% total efficiency in theory which is high enough for our
micro-cantilever biosensing application.
Reduced size of trench based splitter network is very crucial in micro-cantilever
biosensing application because in order to source light into many SOI microcantilevers
for a new in-plane photonic transduction mechanism [16] to enable single-chip microcantilever sensor arrays [30] [31], a highly dense integrated optical circuit is needed.
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Chapter 6
Summary of 90◦ and 105◦ SOI Rib Waveguide Trench Based
Bend and Splitter
6.1

Summary
This thesis focus on the numerical design of SOI rib waveguide optical devices,

bends and splitters, at λ = 1.55µm. The devices are trench based and thus have a
very compact size compared to conventional S-bend and Y-branch.
Some basic numerical analysis methods,like FDTD and angular spectrum are
introduced and used to explain the theory foundation of trench based SOI rib waveguide bend and splitter. These compact optical photonic devices are initially designed
for micro-cantilever biosensor application. Experiments have shown that trench based
bends and splitters work very well. Actually these devices are very general photonic
devices that can be widely used in integrated optics circuits, especially in some situation where overall size does matter. All work that has been done in this thesis
is valuable to further research on highly integrated optical devices since the design
procedure is similar.
90◦ and 105◦ SOI rib waveguide trench based bend and splitter have been
designed in this thesis respectively. 90◦ bend can have different materials filled into
the trench and the highest bending efficiency that can be achieved is 92.9% with SU8
filled so far. 105◦ bend can get efficiency of 89.3% with SU8 filled.
For a 90◦ 50/50 splitter the highest total efficiency that can be achieved in
this thesis is 92% with SU8 filled. 105◦ splitter can get up to efficiency of 84% with
SU8 filled.
These simulation results give the direction and guidance to fabrication and
have been verified by experiment data successfully.
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6.2

Future Work
There is still some research that can be done in this photonic device design.

More explicitly speaking, some research can be done like improving and developing
the numerical analysis method on integrated optical devices so that the efficiency
of bend/splitter could be enhanced further. This may include 3D FDTD program
optimization, uGA algorithm development with 3D FDTD program, new structure
of bend/splitter with higher efficiency or more compact size,etc.
Experimentally there is some loss in trench based splitter network that can
not be ignored. Sometimes this loss will affect the application system. So it is very
necessary and attractive to improve the bend and splitter efficiency, while diminish
the loss in the device. Although this problem could be caused by many practical
factors like coupling with fiber and roughness of waveguide wall, it is still worthy
putting some effort to increase the efficiency in theory. For example, new structures
and materials of bend/splitter can be considered.
Optimization program is another way to find out the best solution to the system. Some future research can focus on uGA algorithm which is genetic optimization
algorithm. With uGA, 3D FDTD will be a much more powerful and a more intelligent modeling tool. Even 3D FDTD itself can be improved to run more efficiently on
supercomputer.
Also there are many other integrated optical devices that should be numerically
studied in future research. These potential research areas are:chemical sensors, taper
coupler, grating coupler, micro-ring resonator, micro polarizer etc.
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Appendix A
Effective Index Calculation Matlab Program
\section{EIM Matlab Program} \label{sec:EIM_MATLAB}
%

Matlab program to calculate for different eigenmode(0,1,2,3...)

%

-propogate constant

%

-effective index

%

Use the eigenfunction for the waveguide

%
%

Version 0.1 (Ridge waveguide)

%

13-Apr-2006

%
% unit:

um

% modecal(wavelength,side_height,etch_depth,ridge_width,core_index,
% under_index,lower_index,’TEM’,max_order,result_order)

%function [neff beta]=modecal(lamda,h,r,w,n1,n2,n3,TEM,m,n)
function modecal(lamda,h,r,w,n1,n2,n3,TEM,m,n)

%

two outputs

%

- neff is effective index

%

- beta is propogation constant

%

seven inputs

%

- lamda is wavelength

(um)

%

- h is height of waveguide side part (um)

%

- r is etch depth (um)
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%

- w is width of ridge part

(um)

%

- n1 is refractive index of core

%

- n2 is refractive index of uppercladding

%

- n3 is refractive index of lowercladding

%

- TEM is type of mode which is first calculated

%

- m

is maximum number of mode order categary

%

- n

is combined mode order

%Initialize parameters
c=3e8;

% speed of light

scale_factor=1e-6;
k0=2*pi/lamda/scale_factor;

% wave number in vacuum

neff=0;
beta=0;
order=0;

% mode order (starting from 0,1,2,...; positve integer)

defalut 0

steplong=0.0001;

% define the resolution

counter=1;

TE=’TE’;
TM=’TM’;
%theta=(1:steplong:pi/2);

for order=0:m-1
disp(sprintf(’mode order is %d’,order));
switch TEM
case TE

% calculate effective index for TE mode
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(EIM:TE first,TM seond)
%step1

sides

syms theta;
LHS1=k0*n1*h*scale_factor*cos(theta)-order*pi;
RHS1=atan(sqrt(sin(theta).^2-(n3/n1).^2)./cos(theta))
+atan(sqrt(sin(theta).^
2-(n2/n1).^2)./cos(theta));
D1=LHS1-RHS1;
side_neff(1,order+1)=abs(n1*sin(solve(D1)));
disp(’side_neff’);
disp(side_neff(1,order+1));

%step2

middle

syms theta;
LHS2=k0*n1*(h+r)*scale_factor*cos(theta)-order*pi;
RHS2=atan(sqrt(sin(theta).^2-(n3/n1).^2)./cos(theta))
+atan(sqrt(sin(theta).^
2-(n2/n1).^2)./cos(theta));
D2=LHS2-RHS2;
middle_neff(1,order+1)=abs(n1*sin(solve(D2)));
disp(’middle_neff’);
disp(middle_neff(1,order+1));

case TM

% calculate effective index for TM mode

%(EIM:TE first,TM seond);
otherwise
;
end
end
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%

step3

effecitve index

%

calculate all possible combination
for order=0:n;
disp(’//////////////////////////////////////’);
disp(sprintf(’///////combined mode order is %d///////’
,order));
disp(’//////////////////////////////////////’);
disp(’************************************’);
syms theta;
for nn=1:3
for mm=counter:3
LHS=k0*middle_neff(1,nn)*w*scale_factor*cos(theta)
-order*pi;
RHS=real(2*atan(sqrt((sin(theta)*middle_neff(1,nn)
./side_neff(1,mm)).^
2-1).*middle_neff(1,nn)./(cos(theta).*side_neff
(1,mm))));
D(nn,mm)=LHS-RHS;
neff(nn,mm)=middle_neff(1,nn).*sin(solve(D(nn,mm)));
beta(nn,mm)=k0*neff(nn,mm)*scale_factor;
disp(’Effective Index of TE mode’);
disp(neff(nn,mm));
disp(’Propogation Constant of TE mode’);
disp(beta(nn,mm));
disp(’************************************’);
end
counter=counter+1;
end
counter=1;
end
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Appendix B
2D FDTD Simulation Initial Input File
Input_file_version 8

FDTD parameters:

Analysis TM
wavelength_scale

um

wavelength_frequency wavelength
Soure_type WGMCW
ABC_type PML
Near_far Far
Semi-infinite_interface N0
Semi_infinite_position 10

freqency(Thz)

1.55

amplitude 1
incident_angle 0
pulse_spectrum(FWHM) 0.1
pulse_delay 100
DOE_width 20
DOE_depth 20
cell_resol_x 150
cell_resol_z 150
nc_margin_xl 0
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nc_margin_xr 0
nc_margin_zb 0
nc_margin_zt 0
nc_stpml_xl 0
nc_stpml_xr 0
nc_stpml_zb 0
nc_stpml_zt 0
num_time_step 20000
physical_symetry 0
profile_symetry 0
pulse_turnoff 1000

Structure material information:
num_material

3

waveguide_core_1

3.37062

waveguide_clad_2 3.34244
su8

1.57

0.0 1.0

0.0 1.0

0.0

0.0

0.0 1.0 0.0

Layout of the structure
Background_Material

2

Feature_offset_x 0
Feature_offset_z 0
Num_features 4
Feature#1 1 R

6.2

0

Feature#2 1 R

7.2

9.8

Feature#3 3 R

1.725

Feature#4 20 L 7

0.1

7.8

20

NA

20

11.4

5.268

0.08

1.6 14

ZG

NA
15

NA

0

0 0 0 0 0 0 0 0
45 0 0 0 0 0 0 0 0

1 0 0 0 0 2 2 0

Output information
num_output_files

0 0 0 0 0 0 0 0 0

3
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0

output1 M NA 0 0 20 20 1
output2 p XZ 0 0 20 20

80000

ouptut3 f Ey 0 0 20 20 80000

MOI monitor information
num_MOI_monitors
Monitor_name
waveguide_width
mode

2
Field_type position_x
core_ID

upclad_Id

Position_z

angle

underclad_ID

file name

MOI_monitor#1 A 7

19.8

MOI_monitor#2 A 19.8

10.6

90 1.6 1 2 2

0

NA

0 1.6 1 2 2

0

NA

DFT monitor information
num_DFT_monitors

1

Monitor_name

direction position

wavelengthLow

wavelengthCentral

normal_direction
wavelengthHigh

wavelengthNumber winCnt winSize
DFT_monitor#1 X 14.8

1

1.4843

1.55012 1.622
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4131

2.5

1
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Appendix C
3D FDTD Simulation Initial Input File
Input file’s version.
version:

1

------------------------------------------------

basic length dimension in unit of meter.
(not the wavelength in free space !!!)
lamda0:

0.10000E-05

------------------------------------------------

The 3 Yee Cell dimensions in unit of lamda_0.

deltaX:

0.01

deltaY:

0.01

deltaZ:

0.01

------------------------------------------------

The 3 dimensions of the whole computation region.
In unit of lamda_0.
Xdim_Whole_Region:

12.0

Ydim_Whole_Region:

4.0

Zdim_Whole_Region:

10.0

------------------------------------------------
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Time stepping specification.
Each time step involvs a electric field updating and subsequent
magnetic field updating.

total_Steps:

12000

-----------------------------------------------Guided mode source.
only Expq_conti, Expq_pulse, Eypq_conti, or Eypq_pulse.
wL0

is wavelength in unit of lamda0 in free space.

nWg is refractive index of the wave guide core region.
nWc is refractive index of the clading region.
aX

is half width of wave guide core along x dimension.

aY

is half width of wave guide core along Y dimension.

p is the # of local peaks along X dimension.
q is the # of local peaks along Y dimension.
For Expq_Eypq_Mode = 1, Expq mode by Marcatili is launched.
For Expq_Eypq_Mode = 2, Eypq mode by Marcatili is launched.
For Expq_Eypq_Mode = 3, mode file from FilmWave is used.

Expq_Eypq_Mode:

3

num_of_guidedModeSrc:
type par1

par2

(wL0) (nWg) (nWc)
FilmWave_conti

1

par3

par4

par5

(aX)

(aY)

(p)

:

1.55

0

par6

par7

(q)
0

0

0

-----------------------------------------------setting up the Guided mode source.
x0 is the x position of waveguide in FDTD region.
y0 is the y position of waveguide in FDTD region.
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0

0

z0 is the z position of sourcing plane in FDTD region.
nPeak the time step at which the peak value

of source

occurs. For monochromatic, set it to 0.
nWidth is the width of the peak in terms of time steps.
For monochromatic, set it to 0.
par6(bootedMode) is 1 if mode is booted by FDTD;
2 if mode is generated by FilmWave.

num_of_GuidedSrcEmbeding:
primSource

par1 par2

1
par3 par4

par5

par6

(x0) (y0) (z0) (nPeak) (nWidth) (bootedMode)
FilmWave_conti < tiltMode.itx

:

0

0

-4.8

0

0

2

If switch_on_ModeSrc is 1,
the above embedded source will be launched in FDTD Grid.
If switch_on_ModeSrc is 0,
the above embedded source will not be launched in FDTD Grid.
switch_on_ModeSrc:

1

------------------------------------------------

sourcing from a file or create a source file.
num_of_srcfiles:

1

When rORw is 0, source will be read from the file.
When rORw is 1, source will be write to the file.
position specifies z position of the sourcing plane
in FDTD region.

filename

rORw

SrcFile1:

0

position
6.0
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If switch_on_fileSrc is 1, the files above will be read from or
written to.
If switch_on_fileSrc is 0, the files above will not be read from
nor written to.
switch_on_fileSrc:

0

------------------------------------------------

Specification of Materials. When enable_disper is set to 1,
handle dispersive medium. Otherwise, handle nondispersion.

enable_disper:

0

num_of_materials:

3

Material serial# epsi_static epsi_infinity omiga_pole delta_pole
conductivity(sigma)
n1

:

1

2.4649

2.4649

n2

:

2

12.0825

12.0825

n3

:

3

2.0851

2.0851

0

0

0
0

0

0 0
0

0

-----------------------------------------------Specification of primitive shapes.
rot-angle is the angle rotated in
local coordinate system.
rot-axis is the local axis (1 for x not implemented,
2 for y and 3 for z)
around which the square (cube) is rotated.
base-point is the cornor point upon which the origin
of local coordinate system is placed.
0 for (0,0), 1 for (0,1), 2 for (1,0), 3 for (1,1)
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and 4 for (0.5,0.5 )in (x,y) ordor.
local coordinate system is always parallel to
the globle coordinate system whose origin is at
the center of FDTD computational space.

num_of_primShapes:

class

xDim

base-point

6

yDim

zDim

Xtrl_par1

square_base

:

0

4

:

12

0
:

1.6

0
:

6

0
:
0

0.65

10

0

2

0.75

10

0

4

2

4

0.75

1.6

0

2

4

12

1.675 10

0

2

4

-45

2

0

square5
0

4

0

square4
0

2

0

square3
0

0

0

square2
0

10

0

square1
0

Xtrl_par2 Xtrl_par3

12

0

rot-angle rot-axis

:
0

0.065

4

10

4

0

-----------------------------------------------Building up the model stage by stage.
xLocation is x position of the local coordinate origin
in the globle coordinate system.Measured in unit of lamda_0.
x_Rep is the number of repetion along X.
x_Step is the separation in lamda0 between two neighbouring
replica.
When diag is 1, only positive diagonal is used.
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when diag is -1, only positive diagonal is used.
when diag is 2, upper left is used.
num_of_buildingStages:

6

primitive-shape material-type xLocation yLocation zLocation
x_Rep x_Step
square_base
0

0

z_Rep z_Step diag
:

n1 :

0

0

:

n2 :

0

0

:

n2

:

0

0.05

0

:

n2

:

3

0.05

0

:

n3 :

0

0

:

n1 :

0.075

0

0

0

0

0

0

0

0

0

square4
0

0

0

square3
0

0

0

square2
0

0

0

square1
0

0

0

0

0

0

0

square5
0

-1.1625

0

0

0

0

0

0

------------------------------------------------

observation planes.

normalAxis specifies the axis normal to the observing plane.
When powerDirection is 1,
the energy flow is assumed to be along positive direction of
the axis.
When powerDirection is -1,
the energy flow is assumed to be along negative direction of
the axis.
position is the position of the plane on the
axis measured in unit of lamda0. Origin is at the center of
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computation
region.
waveLow is the low end wavelength obsereved.
waveHigh is the high end wavelength observed.
waveCount is the number of different wavelengthes observed.
If polyChromSource is 1, the sourcing launched in FDTD is a
pulse in time.

polyChromSource:

0

num_of_obs_planes:

10

normalAxis powerDirection position waveLow waveHigh waveCount
Z

:

1

4.9

Z

:

1

4.8

Z

:

1

-4.7

X

:

1

5.8

X

:

1

5.9

1.55

1.55

1

Y

:

1

0.0

1.55

1.55

1

Y

:

1

0.5

1.55

1.55

1

Y

:

-1

Y

:

1

Y

:

-1

-0.5
0.7
-0.7

1.55
1.55
1.55
1.55

1.55
1.55
1.55

1.55

1

1.55
1.55

1
1

1.55

1

1.55
1.55

1
1

1.55

1

when do_obs_plane is 1, obsv_plane will be turned on.
Set to 0 to turn off.
when Globle_DFT is 0, only detector plane is on.
when Globle_DFT is 1, the DFT on every point is on.
when Globle_DFt is 2, the DFT on sampling grid is on.

do_obsv_plane:

1
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Globle_DFT:

0

sampleGridKx:

3

sampleGridKy:

3

sampleGridKz:

3

-----------------------------------------------movie planes.

movieFileName is the file to hold movie data.
normalAxis specifies the axis normal to the observing plane.
1 for X, 2 for Y, and 3 for Z
position is the position of the plane on the
axis measured in unit of lamda0. Origin is at the center of
computation region.
field specifies field component. 1 for Ex, 2 for Ey, 3 for Ez

num_of_movie_planes:

2

movieFileName normalAxis position field startStep

movieFile2

:

3

0.0

1

1000

movieFile3

:

1

0.0

1

500

endStep

1200
1800

When do_movie is 1, movie will be created. Set it to 0 to
turn it off.
do_movie:

0
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